Herpes simplex virus thymidine kinase gene (HSVtk) transand in vivo upon treatment with GCV, but the overall effect fer together with treatment with the prodrug ganciclovir in vivo appeared to be suboptimal. The relatively low sensi-(GCV) represents the most commonly used suicide gene tivity of the medulloblastoma cells to viral infection and a approach for the gene therapy of human central nervous limited bystander effect, coupled with a low expression of system malignancies. Despite encouraging results connexin-43 protein, might partially explain these results. reported in clinical trials conducted in adults, very little is Whether this is a peculiarity of the cell line studied or a known about the feasibility of this approach for the treatgeneral characteristic of medulloblastoma remains to be ment of CNS tumors of childhood. We studied the effects determined. These findings should be taken into account of the HSVtk/GCV system on human medulloblastoma for the future planning of gene therapy trials for human cells in vitro and in vivo. The transfer of tk gene to medullomedulloblastoma. blastoma cells was capable of mediating cell suicide in vitro
Introduction then incorporated into cell DNA as a chain terminator, Tumors of the central nervous system (CNS) are the and ultimately causes selective death of the cells harborsecond most frequent cancer in childhood. 1 Despite ing and expressing the gene. 8, 9 Regardless of the vector recent improvements in diagnosis and treatment, used to transfer the HSVtk gene, it was suggested that approximately half of the children affected by a CNS the antitumor effects of the thymidine kinase/ganciclovir tumor die of their disease.
system are in part a direct consequence of the 'suicide' While supratentorial astroglial brain tumors represent of the cell harboring the HSVtk gene, and are partly the great majority of CNS tumors in adults, infratentorial dependent on the so-called 'bystander effect'.
3, [10] [11] [12] [13] [14] tumors, such as ependimoma and medulloblastoma, are According to recent experimental findings, cells which more common in children. 1 Medulloblastoma, which are in the vicinity of tk-infected cells are exposed to toxic accounts for 15-20% of all pediatric CNS tumors, is a premetabolites which can be transferred to adjacent cells dominantly midline cerebellar tumor that arises in the through gap junctions, 15, 16 composed of a protein matrix cerebellar vermis area and in the region adjacent to the containing abundant connexin-43. [17] [18] [19] fourth ventricle. A complete surgical resection is achievRecently, replication-defective retroviruses and adenoable in approximately half of the patients, but even in viruses were described which are capable of efficiently cases of radical resection further pharmacologic treatinfecting human tumor cells and are able to mediate the ment and radiation therapy are needed to prevent local transfer of therapeutically active genes. 20 Retroviruses are relapses and leptomeningeal dissemination.
suitable vectors for gene therapy of CNS tumors, since Given the frequency of an incomplete tumor resection they infect only actively dividing tumor cells, 21 but not and the young age at tumor onset, which prevents normal nonproliferative cells in the brain. 22 In order to administration of an effective radiation dose, new theraachieve the highest efficiency of transduction, the in situ peutic approaches should be explored. Among them, injection of packaging cells has been proposed. 3 In this gene therapy is one of the most attractive.
article we describe the use of a helper-free replicationIt has been demonstrated that transfer of the herpes defective retroviral vector, RVTG5360-12, expressing the simplex thymidine kinase (HSVtk) gene to tumor cells herpes simplex virus-1 thymidine kinase gene to infect sensitizes them to the antiherpetic drug ganciclovir human medulloblastoma cells in vitro. Furthermore, TG5360-12-producing cells were injected into human medulloblastoma xenografts in athymic mice and were
Results
firmed by trypan blue exclusion test. In contrast, no significant toxicity was observed when D341Med cells were D341Med cell proliferation studies treated with the same concentration of GCV ( Figure 1 ). D341Med human medulloblastoma cells were transduced Only at concentrations 20 times higher than the 100% in vitro with the HSVtk gene by superinfection with replilethal dose for infected cells did we observe a 40% cation-defective RVTG5360 vector particles and then decrease in cell number (data not shown). selected in puromycin-containing medium.
Before proceeding to further studies, cell growth In vivo gene transfer and antitumor effect on D341Med characteristics of control D341Med and D341Med-TK xenografts cells were evaluated.
Since D341Med-TK cells were killed by GCV treatment DNA synthesis, determined by standard 3 H-thymidine in vitro at concentrations usually reached in a clinical setincorporation assay, and cell growth, studied by MTT ting, 23 we assessed whether D341Med-TK cells were assay, were significantly higher in D341Med-tk cells sensitive to in vivo treatment, as well. Five mice were (Table 1) . Conversely, the ability to form colonies in semiinjected with 5 × 10 6 D341Med or D341Med-TK cells on solid medium (soft agar cloning) was decreased in the each inguinal region, respectively, and when tumor transduced D341Med cells compared to control masses reached a volume in the range of 500-1000 mm 3 , D341Med cells.
150 mg/kg GCV was administered intraperitoneally In order to ascertain whether the difference in cell twice a day for 6 days. While D341Med tumors continued growth and clonogenic capacity in vitro had any impact to increase in size, D341Med-TK gradually decreased in on the tumorigenicity in vivo, five athymic mice were volume and no mass was visible after 3 weeks ( Figure 2 GCV treatment was initiated at 150 mg/kg twice daily cells i.p. and continued for 6 days. In all five animals the Various human cell lines including the medulloblastoma treated tumors showed a decrease in growth during the cell lines D341Med, D283Med and DAOY, the fibrosarfollowing 15 days, although the difference between coma cell line HT1080, the melanoma cell line A2058, an treated and control tumors was not statistically signifiependimoma and an anaplastic astrocytoma short-term cant (data not shown). Histologic analysis of D341Med cell culture and the NIH3T3 cell line were used to detertumors injected with packaging cells showed some areas mine the viral titer of our preparation. Viral titer varied of necrosis which were absent in control tumors from 1 × 10 6 c.f.u./ml in A2058 cells to 1 × 10 3 c.f.u./ml (Figure 3 ). in primary ependimoma and astrocytoma cells, in the Any attempt to establish a CNS D341Med xenograft in medulloblastoma cell lines and in the fibrosarcoma cell the cerebral parenchyma was unsuccessful. line (data not shown). D341Med-TK cells were then selected in puromycin and tested for their sensitivity to ganciclovir (GCV) in Bystander effect It was reported that the antitumor effect observed in vivo vitro. Control and infected cells were plated at a concentration of 2.5 × 10 4 /ml in 96-well plates and 24 h later difwith a suicide gene therapy approach is in part mediated through the 'bystander-effect'. 3,10-14 Since in our experiferent concentrations of GCV were added. Cell viability was determined by MTT assay and by trypan blue mental settings the in vivo antitumor effect was limited, we studied the role of the bystander effect in the GCVexclusion test after 6 days of treatment, a time period similar to the duration of in vivo treatment used for CNS mediated death of D341Med cells. Five thousand D341Med cells were co-cultured with various numbers tumors in animals and in humans. MTT assay showed that no D341Med-TK survived at GCV concentrations of D341Med-TK cells, ranging from 0 to 10 4 , in medium The localized nature of human medulloblastoma and the impossibility of obtaining a complete surgical resection TK/D341Med ratio increased, suggesting that D341Med cell death was mediated by the presence of tk-positive in all children affected by this disease render this tumor an ideal candidate for local therapy, 1 including gene thercells (Figure 4 ). Bystander killing was evident at D341Med-TK/D341Med cell ratio as low as 2 −2 :1, and apy. In situ retrovirus-mediated transfer of the HSVtk gene into CNS tumors was shown to cause preferential there was no significant difference in the 5-day versus 9-day treatment. These findings were confirmed by trypan killing of malignant cells when followed by GCV treatment. [3] [4] [5] [6] [7] Although there are various ongoing gene therblue exclusion assay (data not shown).
apy clinical trials for the treatment of adult CNS malignancies, 25,26 little data are available on the toxicity and Expression of connexin-43 in D341Med cells It has been suggested that the bystander effect is caused efficacy of such an approach in pediatric CNS tumors, 27, 28 including medulloblastoma. Based on previous in vitro by passive transport of lethal metabolites from tk-positive cells to tk-negative cells through gap junctions. 15, 16 It has and in vivo studies, we determined the effects of HSVtk gene transfer to D341Med medulloblastoma cells and also been suggested that expression of connexin-43, which is a major structural component of the gap juncxenografts in order to evaluate the feasibility of retroviral HSVtk gene transfer for the treatment of residual tumor tion, is quantitatively related to the bystander effect. 14, 16, 24 Furthermore, most tumor cell lines studied so far, tissue or local relapses in children with medulloblastoma. We showed that D341Med cells can be infected both in showed significant bystander effect in vitro when tk + /tk − cells were plated at a ratio as low as 2 −5 :1.
13,24 Thus, since vitro and in vivo by the RVTG5360 retroviral vector which expresses the HSVtk gene. The viral titer on these medulthe bystander effect in D341Med cells, although present, was lower than that reported for other tumor cell lines, loblastoma cells was 1 × 10 3 c.f.u./ml, lower than the titer determined on NIH3T3 cells or on the melanoma cell line we determined the expression of connexin-43 by Western blot analysis.
A2058 (1 × 10 6 c.f.u./ml), and was comparable to other medulloblastoma cell lines. Although the susceptibility of Connexin-43 was expressed at very low levels in D341Med cells as compared with other human CNS D341Med cells to viral infection was lower than that previously reported for other experimental brain tumors, 7 tumor cell lines and normal rat brain and heart lysates, used as positive controls ( Figure 5 ). These results were the vector RVTG5360 was capable of transferring the HSVtk gene into human medulloblastoma cells. confirmed both in subconfluent and confluent cell cultures (data not shown).
In order to study the in vivo effects of retrovirus- drug concentrations which were comparable with those bystander effect and that this might be a consequence of low connexin-43 expression. These observations lead to reported for most brain tumor cell lines and which can be obtained in vivo. 23 Moreover, no toxicity was observed the speculation that the transfer of the connexin-43 gene into D341Med cells could increase the bystander effect, at the same GCV concentrations in untransfected D341Med cells. Some decline of cell viability was seen as previously demonstrated in the U87 glioma cell line. 24 Moreover, in a potential clinical application of the when GCV was added to control cell cultures at concentrations 20 times higher than the 100% lethal dose for HSVtk/GCV system to the gene therapy of children affected by medulloblastoma, the therapeutic efficacy could D341Med-TK cells. Under these conditions, due to the suboptimal solubility of GCV and the high pH of the be increased by the antitumor immune response elicited by the tk product in an immunocompetent host.
29
GCV solution (around pH 11.0), we believe that some degree of cell death could be the result of the final pH In conclusion, we were able to inhibit tumor growth of the medulloblastoma cell line D341Med both in vitro and of the culture medium rather than a consequence of drug concentration.
in vivo following retrovirus-mediated transfer of HSVtk gene, but the overall efficacy of the in situ gene transfer Based on the effect of GCV in vitro, we should expect that in vivo treatment of D341Med-TK tumors could in our in vivo model was lower than expected, probably due in part to a low connexin-43 expression. Further eradicate the tumors grown as xenografts in athymic mice. Indeed this was observed in all animals, although studies have been undertaken in order to determine the efficacy of other vectors for gene transfer, such as adenowe treated animals harboring tumors which had already reached a size of at least 500 mm 3 . This result demonviruses, and to better understand the relationship between connexin-43 expression and the bystander effect strates that in vivo, as well as in vitro, TK expression was sufficiently sustained to mediate cell suicide.
in human medulloblastoma. The efficacy of our HSVtk approach was less pronounced when we performed in situ HSVtk gene transfer
Materials and methods
by injecting producer cells into the tumor xenografts. Tumors of 4-5 mm in diameter, injected with 2 × 10 6 proCell cultures ducer cells showed areas of necrosis, whereas no necrosis
The human medulloblastoma cell line D341Med and the was found in the control tumors (tumors injected with NIH3T3 cell line were purchased from ATCC (Rockville, buffer alone). Nevertheless, no significant reduction in MD, USA), as were the producer cells GP+E86 30 and tumor growth of treated tumors compared with control GP+EnvAm12. 31 PDCNS1, PDCNS2 and PDCNS3 are D341Med tumors grown in the same animals, was short-term cell cultures obtained from pediatric patients observed. Whether this was due, in part, to the low affected by ependimoma (PDCNS1 and PDCNS2) and by efficiency of infection in vivo remains to be determined. anaplastic astrocytoma, who had surgery in our DepartWith regard to this issue we are conducting a comparament. All cell lines were cultured in Dulbecco's modified tive study of medulloblastoma infectability by using Eagle's medium (Seromed, Milan, Italy) supplemented retroviral as well as other viral vectors, such as adenowith 10% fetal calf serum, 2 mM L-glutamine (Seromed), viruses.
50 units/ml penicillin (Sigma, Milan, Italy), 50 g/ml Another important aspect to be considered for the in streptomycin (Sigma). Cultures were maintained in a vivo results of our suicide gene approach is the so-called humidified atmosphere with 5% CO 2 at 37°C. When used 'bystander effect'. Different authors have demonstrated for in situ gene transfer, the medium was removed and that cell death upon HSVtk gene transfer is in part the the cells were rinsed with saline. The monolayer was then consequence of the direct effect of GCV in transduced incubated in 0.05% trypsin-EDTA (Seromed) for 5-10 min cells, but that the antitumor effect is amplified by transat 37°C, cells collected in HBSS (Seromed), washed twice mission of toxic metabolites to neighboring cells through and resuspended at the appropriate concentration for gap junctions. 15, 16 Furthermore, it is known that confurther use. nexin-43 is a major component of gap junctions and that its expression is related to the magnitude of the bystander effect in human CNS tumor cell lines, such as Cell proliferation studies DNA synthesis was determined by 3 H-thymidine incorthe glioma cell line U87. 24 Based on these observations we studied the bystander poration assay. Briefly, cells were seeded in 96-well plates and cultured in complete culture medium for 24 h. Two effect in D341Med cells in vitro. Ganciclovir treatment of D341Med and D341Med-TK cell cocultures showed that days later, triplicate wells were pulsed for 4 h with 0.5 Ci of 3 H-thymidine. Following the pulse, wells were the bystander effect has a role for the antitumor activity in vitro in this medulloblastoma cell line, but it appears harvested on to glass fiber filters by using a Skatron (Dasit, Milan, Italy) cell harvester and acid-precipitable to be less efficient than in other experimental CNS tumor cell lines, since it is not appreciable at a ratio of tk − /tk + radioactivity retained on the filters was determined by scintillation counting. cells lower than 1:2 −2 , compared with ratios of 1:2
reported for other cell lines. 13, 14 In order to assess Cell growth was indirectly determined by MTT assay as previously described. 32 Briefly, cells were plated in a whether there was any relationship with connexin-43 expression at the protein level, we assessed connexin-43 96-well plate in complete culture medium. On the day of the assay, 20 l of 5 mg/ml solution of MTT (Sigma) in expression by Western blot analysis. D341Med cells expressed very low levels of connexin-43, compared phosphate-buffered saline was added to triplicate samples and the plate was incubated in the dark for a with rat brain lysate (used as a positive control) and other human CNS tumor cell lines. These results suggest that further 4 h. The plate was then centrifuged, the medium removed, and 150 l dimethyl-sulfoxide (Sigma) added in D341Med medulloblastoma cells the suicide effect of HSVtk gene transfer might be partially impaired by a low to each well. After 10 min incubation in the dark with shaking, the absorbance at 540 nm was determined, as a a day for 6 days and tumor diameters measured daily with calipers to determine the volume. measure of the formazan concentration generated in each well, using a ELX808 Elisa reader (Bio-Tek Instruments,
We also tried to establish human medulloblastoma xenografts in the CNS of six athymic mice by injecting Winooski, VT, USA).
1 × 10 7 D341Med cells into the brain parenchyma through a stereotactic apparatus. The mice were observed for 80 Plasmid Plasmid pTG5360 was derived from pLXSP 33 by insertion days after the injection, killed and autopsy examination of the brain was carried out. of an expression cassette containing the HSV-1tk gene isolated from ptk1 34 under the control of the murine phosphoglycerolkinase (pGK) gene promoter. 35 The puromyWestern blot analysis cin acetyltransferase 36 gene was inserted downstream of Subconfluent cells were washed twice in phosphate-buffthe viral long terminal repeats. ered saline (PBS) and then 1 ml of lysis solution (1% sodium dodecylsulfate (SDS), 1.0 mM sodium vanadate, Isolation of RVTG5360-12 producer clone and 10 mM Tris pH 7.4) was added per 10 cm diameter Petri D341Med-tk + cells dish. Cells were subsequently scraped from the dish, Ecotropic retroviral supernatant recovered from transferred to a microcentrifuge tube and boiled for GP+E−86 transfected with pTG5360 by calcium-phos-5 min. The viscosity of the sample was reduced by sevphate coprecipitation technique 37 was used to transduce eral passages through a 26-gauge needle and insoluble the amphotropic GP+EnvAm12 cell line. Stable producer material removed by centrifugation. A small aliquot of clones were isolated by culture in the presence of purothe supernatant was diluted to approximately 0.1% SDS mycin (5 g/ml; Sigma) and clonal dilution. One hunand used to measure the protein concentration in the dred producer cell clones were titrated on NIH3T3 cells sample using the BCA method (Pierce, Beijerland, The in the presence of polybrene (8 g/ml; Sigma) and the Netherlands). Fifty micrograms of protein were elecrophbest clone RVTG5360-12 titer (9 × 10 6 c.f.u./ml) was selecoresed through a 10% SDS-polyacrylamide gel, and transted for further studies. To generate D341Med-tk + cells, ferred to a nitrocellulose membrane by use of a semi-dry 10 5 cells were seeded and infected with 5 ml supernatant transfer cell (Bio-Rad, Milan, Italy) following the manurecovered from the best RVTG5360-12 clone in the presfacturer's instructions. Membrane was then placed into ence of polybrene (4 g/ml). Next day puromycin blocking buffer (5% non-fat dry milk, 1% bovine serum (5 g/ml) was added and selection continued for 4 days.
albumin, 10 mM Tris, 100 mM NaCl, 0.1% Tween 20) for D341Med-tk + cells were expanded in complete culture 1 h at room temperature and then incubated with an antimedium supplemented with puromycin.
connexin-43 monoclonal antibody (Transduction Laboratories, Mamhead, UK) diluted 1:250 in blocking solution. In vitro sensitivity to ganciclovir After 3 × 10 minutes washing in 10 mM Tris, 100 mM Control NIH3T3 cells and cells transduced with NaCl, 0.1% Tween 20 to remove the primary antibody, RVTG5360-12 were plated in triplicate at a density of 10 3 the membrane was reacted with a rabbit anti-mouse cells per well in a six-well plate (Costar, Badhoevedorp, horseradish peroxidase conjugated IgG (Transduction The Netherlands). Twenty-four hours later, ganciclovir Laboratories) at room temperature for 1 h. Reaction was (GCV; Syntex Laboratories, Palo Alto, CA, USA) was then revealed using the ECL Western blotting analysis kit added at increasing concentration (from 0 to 100 m) and (Amersham, Milan, Italy). the cultures continued for 7-8 days. The medium was subsequently removed, cells were trypsinized, counted and viability was determined by the trypan blue (Sigma) ogic analysis of medulloblastoma xenografts, Y Poitevin Five thousand D341Med cells were mixed in complete for excellent technical assistance and Dr S Benini and Dr culture medium with RVTG5360-12 transduced D341Med
A Piccin for helpful assistance in cell culture and animal cells (D341Med-tk + ) at a ratio of 1:2 to 1:2 −6 and then studies, respectively. This work was supported by a grant plated in a 96-well plate (Costar), in triplicate. Next day, from AIRC (Associazione Italiana per la Ricerca sul GCV was added at a final concentration of 5 g/ml.
Cancro), Progetto Terapia Genica. Medium was changed every 3 days and on day 5 or 9 the number of living cells was determined by MTT assay and by the trypan blue exclusion test. After 72 h, GCV was administered i.p., 150 mg/kg twice
